We study the dynamics of the Affleck-Dine field after inflation in more detail. After inflation, the Affleck-Dine field inevitably oscillates around the potential minimum. This oscillation is hard to decay and can cause accidental suppression of the consequential baryon asymmetry. This suppression is most effective for the model with non-renormalizable superpotential WAD ∼ Φ 4 (Φ: Affleck-Dine field). It is found that the Affleck-Dine leptogenesis in high-scale inflation, which suffers from serious gravitino overproduction, becomes workable owing to this effect.
I. INTRODUCTION
The Big Bang nucleosynthesis (BBN) successfully explains the abundances of light elements in our universe if we adopt the baryon density determined by observations of the cosmic microwave background (CMB), which indicates that the baryon asymmetry of the universe is n B /s ∼ 10 −10 at the beginning of the BBN. On the other hand, before the BBN, to give an explanation to the horizon problem, flatness problem and the origins of the tiny inhomogeneity of the universe, the accelerated expansion of the early universe, called inflation is considered to occur. However, inflation must wash out the pre-existing baryon asymmetry of the early universe. Therefore, we need a mechanism to generate the adequate baryon asymmetry after inflation and before the BBN.
There exist various types of mechanisms to generate the baryon number density in the early universe. In particular, Affleck-Dine baryo/leptogenesis [1, 2] is a promising candidate in supersymmetric theory (SUSY) because it is realized in the minimal supersymmetric standard model (MSSM). In the MSSM, there are a lot of flat directions with a non-zero B-L charge, called Affleck-Dine field (AD field). During and after inflation, the AD field could have a large vacuum expectation value (VEV) due to the negative Hubble induced mass. As the energy of the universe decreases in matter domination era after inflation, the soft SUSY breaking mass for the AD field overcomes the negative Hubble induced mass and the AD field starts to oscillate around the origin coherently. At the same time, the phase-dependent part of the potential (A-term) for the AD field becomes effective and "kicks" the AD field into the phase direction. As a result the AD field rotates in the complex field plane. Since the B-L number density is determined by the "angular momentum" in the field plane, B-L asymmetry of the universe is produced by this mechanism. Finally, the AD field decays into quarks, leptons and their anti-particles and generates B-L asymmetry in thermal plasma [3] . The B-L asymmetry is further converted to the baryon asymmetry through the sphaleron effect [4, 5] .
To estimate the produced baryon asymmetry, we have to follow the dynamics of AD field in the cosmological background. Conventionally, it is assumed that AD field keeps following the time-dependent potential minimum adiabatically. Actually, however, the AD field inevitably oscillates around its vacuum. Its amplitude and period are characterized by the Kähler mixing between inflation sector and the AD field. We discuss the dynamic in detail and find that this oscillation causes an accidental suppression of B-L number density depending on the model parameters. This effect is most efficient when the dynamics of the AD field Φ is governed by the nonrenormalizable superpotential W AD ∼ Φ n with n = 4. In this paper, we apply this suppression mechanism to the minimal Affleck-Dine leptogenesis scenario [6] where LH u flat direction is used (n = 4). Consequently, we show that we can avoid the gravitino problem in the minimal Affleck-Dine leptogenesis after high-scale inflation by an appropriate choice of model parameters.
The remaining parts of this paper are as follows. First, in Sec. 2, we briefly review the Affleck-Dine baryogenesis and derive the conventional evaluation of B-L number density. Next, we discuss the oscillation dynamics of AD field just after inflation and estimate its contribution to B-L number density numerically, In Sec. 4, we apply this effect to the minimal Affleck-Dine leptogenesis scenario. Finally, we conclude in Sec. 5.
II. AFFLECK-DINE BARYOGENESIS
Let us review the conventional Affleck-Dine baryogenesis scenario. First, we discuss the scalar potential for the AD field. The AD field is exactly flat in renormalizable level unless SUSY is broken. However, nonrenormalizable terms and SUSY breaking effect lift its potential. The non-renormalizable superpotential for the AD superfield Φ is cast as
where λ is a coupling constant, n(≥ 4) is a certain integer which is determined by specifying a flat direction. Here we take the Planck mass M p as the cutoff scale of the nonrenormalizable terms. Then, the scalar potential for AD field including a soft SUSY breaking term and a Hubble induced mass term is given by
where φ = ϕe iθ is a scalar component of the AD superfield Φ, H is a Hubble parameter, m 3/2 is a gravitino mass and m φ is a soft SUSY breaking mass for AD field, a m , c are O(1) parameters. In particular, the value of c is responsible for the Kähler mixing between the AD superfield and the inflation sector. For example, we assume the inflation sector consists of two superfields I and S, which are the inflation and so-called "stabilizer", quartic Kähler mixing between the AD field, in general, is written as
Here c 1 , c 2 are O(1) constants. In this case, the constant c is evaluated in terms of c 1 , c 2 as
Note that the value of c is different for during/after inflation in general.
1 Hereafter we consider the case c > 0. Let us follow the cosmological evolution of the AD field. At first, during inflation where cH > m φ , the AD field φ develops a large VEV due to the negative Hubble induced mass ∼ −cH 2 as
where t e is the time when inflation ends. After inflation, the energy density of the universe is dominated by the coherent oscillation of the inflaton and the Hubble parameter starts to decrease. Therefore, the minimum of the AD field is also time-dependent and approaches to zero as the universe expands;
1 If inflation is driven by single superfield with a Kähler mixing
For simplicity, we assume potential energy of inflation is converted to its oscillation energy instantaneously at t = t e . Once H(t) crosses H osc ≃ m φ / √ c M , however, the mass of the AD field become positive and φ starts to oscillate around the origin. At the same time, the phase direction of the AD field θ, which stays at certain direction θ 0 due to the Hubble friction, receives a "kick" from Aterm potential, so that φ starts to rotate in the complex plane. This dynamics generates the baryon asymmetry of the universe since baryon number density is represented as
where b is a baryon charge of φ.
A. Baryon asymmetry
Let us estimate the resultant baryon asymmetry of the universe. Using E.O.M for φ, the evolution of baryon number density eq. (7) is determined aṡ
Integrating the differential equation, we get
where we used eq.(2). Since θ starts to oscillate at t osc , integration over t > t osc also oscillates and has little contribution. To calculate eq.(10), usually we assume φ is always at the vacuum, i.e. ϕ(t) = ϕ 0 (t). Then we obtain the well-known result.
In this paper, we point out that this conventional result can overestimate the baryon asymmetry by O(1−100) for the most part of the parameter region. This is because the deviation of ϕ(t) from its minimum ϕ 0 (t) is hard to be neglected. Representing the deviation as
we can take the effect into account and get more precise expression such as
In the next section, we discuss the actual value of "efficiency factor" χ n . 
III. ESTIMATION OF EFFICIENCY FACTOR
As we mentioned in the previous section, ϕ(t) = ϕ 0 (t) does not satisfy the E.O.M. for t > t e 2 . In fact, the E.O.M. for χ for t > t e becomes
where we take z = ln(t/t e ) as a differential variable ((
We can see that there is a fixed point of χ near the unity,
However, the static solution χ(z) = χ 0 does not meet the realistic situation. As we saw in the previous section, until the end of inflation, ϕ sits still at the minimum given by eq.(5) due to the Hubble induced mass. From matching of ϕ and ϕ ′ at z = z e (= 0), χ(z) must satisfy the following initial conditions:
where we define c r ≡ c I /c M . Therefore, χ(t) has nonzero "velocity" and inevitably oscillates around χ 0 . In particular, let us consider the case of n = 4. For simplicity, we set c M = 1. As one can see from eq. (16), the friction term for χ is absent for n = 4, so that the oscillation lasts until H(t) ∼ H osc . We numerically solved the dynamics of χ(z) as shown in Fig. 1 .
Note that this oscillation dynamics has two distinct features. First, the oscillation is periodic only with respect to z = ln t, i.e., χ(z) = χ(z + T ). This means that,
The contour plot of the factor χ n in the case of n = 4. The vertical axis is cr and the horizontal axis is a ratio HI /Hosc in term of the cosmic time t, the period of the oscillation increases exponentially. Therefore, it can be said that χ n is characterized by the value of χ n just before t osc . For example, if a wave crest appears just before t osc , χ n would take a value of order χ n max . On the contrary, when a wave hollow appears, χ n can be a more suppressed value of order χ n min . Second, the branching point of the dynamics exists at χ(z e ) = 3 1/4 , i.e. c r = 3. For c r < 3, χ oscillates around χ 0 staying in the region χ > 0. On the other hand, for c r > 3, χ crosses over the origin and oscillates around the origin. The choice c r = 3 is a nothing but the unstable solution where χ approaches the origin with infinite time. Therefore, if we take c r ≃ 3, χ approaches to the origin closely and χ min can be much less than unity.
According to these facts, we can understand the behavior of the numerical result of χ n shown in Fig. 2 . χ n oscillates with respect to H I /H osc , i.e., the duration of the χ oscillation, because of the first feature we mentioned above. Consequently, depending on the choice of c r and H I /H osc , the baryon number density could receive accidental suppression in the n = 4 AD baryogenesis scenario.
We stress that this suppression mechanism is effective only when the inflation sector consists of more than two superfields. In the single superfield inflation, the value of c M and c I are not independent (see footnote 1) and the value of c r is written as c r = c ′ −1 c ′ −1/2 , which is smaller than unity for c ′ > 1. Therefore we can not take c r ≃ 3, which is a necessary condition for the large suppression.
Our discussion above is based on the semi-analytical estimation of the baryon number density eq. (10). In fact, this is confirmed by the fully numerical simulation including the phase direction of the AD field θ as shown In the case of n > 4 AD baryogenesis, such suppression mechanism also occurs. However, the friction term in eq. (16) becomes effective and the oscillation amplitude decreases with z = ln t/t e . Therefore, χ n approaches to unity for log 10 (H I /H osc ) O(1) and the suppression is less important.
IV. MINIMAL AFFLECK-DINE LEPTOGENESIS IN HIGH-SCALE INFLATION
We have discussed the possible suppression of the baryon number density. In general, we want to avoid such a suppression in order to generate a sufficient amount of baryon asymmetry of the universe we observe today. On the other hand, the Affleck-Dine baryogenesis has a problem in high-scale inflation where the inflation scale takes a larger value H I 10 13 GeV. During inflation the phase of the AD field obtains fluctuations ≃ H I /2π which result in baryonic isocurvature perturbations. In high-scale inflation the isocurvature perturbations are too large unless the field value during inflation is nearly the Planck scale, which brings difficulties to some AD baryogenesis scenarios including the minimal Affleck-Dine leptogenesis. In this section, we show that the suppression effect can make the minimal Affleck-Dine leptogenesis possible even in high-scale inflation.
In the minimal Affleck-Dine Leptogenesis, LH u direction [6] , which possess the lepton number, is used as the AD field. This direction is lifted up by nonrenormalizable term which gives mass to the neutrinos;
where
, and here we take the basis where mass matrix for neutrinos is diagonal. Therefore, LH u direction corresponds to n = 4 AD field. Then, the lightest neutrino mass is related to λ as
Note that the value of λ has an upper bound of order 10 −4 due to the baryonic isocurvature constraint in highscale inflation [8] [9] [10] [11] [12] . When we take the inflation scale as H I ≃ 10 13 GeV, the upper bound is evaluated as λ 4.2 × 10 −4 . Therefore the model predicts such a very tiny neutrino mass.
In this scenario, the Affleck-Dine mechanism produces the L asymmetry of the universe. Since the sphaleron process is in thermal equilibrium, the produced L asymmetry is converted to the baryon asymmetry as
Consequently, the present baryon-to-entropy density is estimated as [13] n B s ≃ − 8 23
Here we have to mention the finite temperature effect. In particular for the n = 4 Affleck-Dine baryogenesis, the thermal log potential [14, 15] 
could change the dynamics of AD fields, where T is a temperature of the background plasma and c T = 45/32. This thermal potential behaves as a positive mass term for φ, which modifies the time when the AD field starts to oscillate as
We can see that in high-scale inflation, the thermal mass easily overcomes the soft mass for AD field. Consequently, we obtain the resulting baryon asymmetry by substituting H osc = 0.6α s √ λT R into eq. (23) as
, (26) where we assume α s ≃ 0.1. Surprisingly, the result does not depend on the reheating temperature as long as T R m φ λ −1/2 /α s is satisfied [15] . To realize the observed baryon asymmetry, gravitino mass m 3/2 should be related with λ as
On the other hand, unfortunately, gravitinos with such a mass decays in the era of the BBN and destroy the light elements [16] [17] [18] [19] [20] . To avoid the problem, gravitinos must decay before the BBN. For example, if reheating occurred via gravitational interaction, where the reheating temperature is typically T R ∼ 10 9 GeV, gravitino mass has a lower bound such as m 3/2 10 4 GeV. Therefore, the minimal Affleck-Dine leptogenesis does not work in highscale inflation due to the gravitino problem. One may consider the fine-tuning of the initial angle θ 0 ≪ 1 which make ǫ ≪ 1. However, such a tiny θ 0 makes the baryonic isocurvature constraint stronger and upper bound on m 3/2 become lower by O(θ 0 ). However, it is possible for the scenario to work if we take the oscillation of the AD field into account. As we discussed in the previous sections, oscillation of the AD field leads accidental suppression of the produced baryon asymmetry asñ
Consequently, the required gravitino mass to realize the observed baryon number density becomes heavier as
We numerically calculate the gravitino mass which makes n B /s ≃ 8.7 × 10 −11 [21] and plot on the (c r , λ) -plane in Fig. 5 . From the figure, it is seen that we can take heavier gravitino masses and hence evade the BBN constraint.
FIG. 5.
We plot the value of gravitino mass which consistently explains the baryon asymmetry of the universe. The blue region is excluded by the gravitino problem and red one is allowed. The up and down panels correspond to the case with TR = 10 9 GeV and 10 10 GeV, here we set the BBN bound on the gravitino mass as 6 TeV and 20 TeV respectively. The yellow dashed line represents the upper bound on λ from the isocurvature perturbation.
V. SUMMARY AND DISSCUSSIONS
In this paper, we have performed the more precise estimation of the produced baryon asymmetry in the n = 4 AD baryogenesis. Due to the fact that the AD condensate oscillates around its minimum after inflation, the efficiency of the generation of the baryon asymmetry decreases depending on the choice of dimension-less O(1) parameter c r and the quantity H I /H osc . We found that this suppression mechanism make the minimal AD leptogenesis scenario viable even in high-scale inflation.
In our analysis, we assume inflation suddenly ends and switches to the matter domination era. Although this simplification does not change the suppression mecha-nism, dependence of χ 4 on c I and H I /H osc could be slightly modified. We note that the choice of c M , which we set unity in the paper, also does not change the result.
Finally, let us comment on the evolution of the fluctuation δφ. When φ approaches the origin, the effective mass of δφ becomes negative due to the negative Hubble induced mass. Therefore tachyonic resonance [22] would take place and the fluctuations δφ grow exponentially. However, the resonance is not effective because the oscillation time scale (= period) of the AD field is an order of the Hubble time and hence the AD field oscillates only several times before producing baryon asymmetry. After the soft SUSY breaking mass dominates the dynamics, the fluctuations of the AD field generally grow and form non-topological solitons called Q-balls [23] [24] [25] [26] [27] [28] [29] . Large Qballs may decay after the electroweak phase transition, which makes lepton-baryon number conversion difficult since the sphaleron process is ineffective. In the case of the LH u direction, however, the existence of the supersymmetric µ term can prevent the AD field from forming Q-balls.
